Ribonucleotide Reductase trachomatis
In a conventional class I ribonucleotide reductase (RNR), a diiron(II/II) cofactor in the R2 subunit reacts with oxygen to produce a diiron(III/IV) intermediate, which generates a stable tyrosyl radical (Y•). The Y• reversibly oxidizes a cysteine residue in the R1 subunit to a cysteinyl radical (C•), which abstracts the 3′-hydrogen of the substrate to initiate its reduction. The RNR from Chlamydia trachomatis lacks the Y•, and it had been proposed that the diiron(III/IV) complex in R2 directly generates the C• in R1. By enzyme activity measurements and spectroscopic methods, we show that this RNR actually uses a previously unknown stable manganese(IV)/iron(III) cofactor for radical initiation.
R ibonucleotide reductases (RNRs) provide all organisms with 2' deoxyribonucleotides for DNA synthesis (1, 2) . All known RNRs are thought to initiate ribonucleotide reduction by using a cysteine thiyl radical to abstract the hydrogen atom from the 3′-carbon (3, 4) . Three distinct strategies to generate the initiating cysteinyl radical (C•) have been described and are, in part, the basis for division of the RNRs into three classes. Class II and III RNRs use strategies involving the 5′-deoxyadenosyl radical, generated either by homolysis of the Co-C bond of 5′-deoxyadenosylcob(III)alamin (class II) or by reductive cleavage of the 5′-C-S bond of S-adenosyl-L-methionine by a separate activase protein (class III), as the ultimate oxidant for cysteine activation. The 5′-deoxyadenosyl radical either generates the C• directly (class II) or generates a stable glycyl radical (G•) that reversibly oxidizes the cysteine (class III) (3, 5, 6) . In a conventional class I RNR (e.g., from Homo sapiens, Saccharomyces cerevisiae, or aerobic Escherichia coli), a binuclear iron center in its cofactor subunit, R2, reacts with oxygen to oxidize a tyrosine residue by one electron to a stable tyrosyl radical (Y•). The Y• in R2 generates the C• in the catalytic subunit, R1, where nucleotide reduction occurs (7) .
An unexpected adaptation of the class I functional architecture was revealed by the recent characterization of the RNR from the bacterium Chlamydia trachomatis (8) , an obligate intracellular parasite and important human pathogen. The presence of a phenylalanine in place of the tyrosine residue in R2 that normally harbors the essential initiating Y• was revealed first by sequence comparisons (8) and subsequently by x-ray crystallography (9) . Consistent with these findings, no evidence for a Y• was found in biochemical studies (9) (10) (11) . Sequences of R2 genes from other organisms revealed that the absence of the Y• is not specific to the chlamydial RNRs (9) . Notably, the presence of genes encoding such R2 proteins in the genomes of other pathogens (e.g., Mycobacterium tuberculosis) suggested that the novel RNRs might have arisen as an adaptation to the host's immune response (9) and might present specific targets for design of new antibacterial drugs.
To explain how the C. trachomatis RNR can function without the essential Y•, Nordlund, Gräslund, and co-workers suggested that an Fe 2 III/IV cofactor might be produced in R2 by reaction of the Fe 2 II/II cluster with O 2 and directly oxidize the cysteine in R1 (9) . Biochemical studies by Gräslund and co-workers supported this hypothesis by demonstrating both stabilization of the reactive Fe 2 III/IV complex in the presence of the other reaction components (R1, substrate, and allosteric effector) (10) -R2 under these turnover conditions (11) .
Although the reported induction and stabilization of the Fe 2 III/IV -R2 complex were consistent with the earlier Nordlund/Gräslund hypothesis, the fact that this form was never enriched to greater than~30% of the total protein (10) left open the possibility that a different form was responsible for the modest activity observed. After preparing His 6 -affinity-tagged forms of C. trachomatis R2 and the N-terminally truncated ∆(1 to 248)-R1 (12) reported by McClarty and coworkers to be more stable than full-length R1 (8), we noted a distinct lack of correlation between the catalytic activities and iron contents of different preparations of R2 (13) .
By reductive chelation of iron from the purified protein and subsequent dialysis against ethylenedinitrilotetraacetate (EDTA) (12) , R2 was isolated with less than 0.02 equivalents (equiv) iron (14) and very low catalytic activity [velocity (v) II ratio of unity gave maximal activation (Fig. 1A) , and a total of two divalent metal ions per monomer was sufficient for~85% of maximal activation (Fig. 1B) .
The results in Fig. 1 , in particular the 1:1 Mn:Fe ratio giving maximal activity, suggest the use of a Mn/Fe cofactor rather than a Fe 2 cofactor by C. trachomatis RNR. Because the raison d'être of the R2 subunit and its metallocofactor is to transiently oxidize the cysteine residue in R1 by one electron (7) The active form exhibits no obvious electron paramagnetic resonance (EPR) signal (in X-band, perpendicular mode). A sample prepared with 0.5 equiv Fe and 1.0 equiv Mn (to disfavor formation of Fe 2 III/III product) exhibits a Mössbauer quadrupole doublet at 4.2 K and zero field ( Fe-containing sample (Fig. 3D, dashed curve) , the g-tensor of the S = 1/2 ground state (2.030, 2.020, 2.015) and the (Fig. 3E, solid curve) , which can be reproduced (Fig. 3E, dashed ) from the initial 3′-centered radical (22) (23) (24) . Thus, the Y• or G• is irreversibly reduced (20, 21) instead of being regenerated, as it is at the end of a normal turnover. We predicted from these precedents that treatment of C. trachomatis RNR should lead to irreversible conversion of the EPR-silent Mn III cluster. Scheme 1 summarizes our working hypothesis for how the C. trachomatis RNR functions without a Y• initiator. By using manganese in place of one of the irons of the conventional R2 metal center, C. trachomatis R2 is able to generate an oxidized cluster that possesses both kinetic stability and sufficient oxidative potency to generate the C• in R1 when triggered to do so by the protein(s). The marked perturbation to the EPR signal of the Mn III /Fe III cluster caused by binding of R1 (and perhaps nucleotides) provides a tool not present in conventional class I RNR systems for investigating the triggering process.
We attempted to reconcile our conclusion that Mn IV /Fe III -R2 is the active form with previous observations suggesting that Fe 2 III/IV -R2 is active (9-11). We were unable to reproduce the reported induction of the Fe 2 III/IV complex from Fe 2 III/III -R2 under turnover conditions (11) , even though we did verify that turnover was occurring (at 4 to 5% of the rate of the Mn/Fe-activated R2). Addition of a solution containing R2 and 1.5 equiv Fe II to a solution containing O 2 , R1 (2 equiv relative to R2), CDP, and ATP at 22°C did, as previously reported by the Gräslund group (10), result in generation and stabilization III/IV cluster (0.15 equiv that decayed by less than 10% over 10 min) (see fig. S2 ). However, quantification of the 2'-deoxy-CDP (dCDP) product from these samples showed that turnover was occurring at the same rate in the samples that contained the Fe 2 III/IV complex as in the identical samples (prepared with Fe 2 III/III -R2) that lacked detectable levels of this complex. In other words, we find that the activity does not correlate with the Fe 2 III/IV content of the R2. Moreover, replacement of CDP with N 3 -ADP in the experiment giving the stabilized Fe 2 III/IV complex did not accelerate decay of this complex. This observation confirms the incompetence of the Fe 2 III/IV cluster for radical initiation.
Suspecting that the modest activity that we and others (8) (9) (10) (11) 
treatment of our putatively iron-only protein with either dithionite or N 3 -ADP in the presence of R1 and ATP. Indeed, in both cases, the spectrum was readily detected (fig. S3A ). Its intensity relative to that exhibited by the purposefully generated Mn III /Fe III -R2 sample (~4 to 5%) (compare to fig. S3B ) correlated with the ratio of enzymatic activity of the two R2 forms.
We suggest that the activity previously attributed to the ) (10) . Whereas this quantity is five times the~0.04 equiv detected in our preparations, the different methods of subunit preparation, and perhaps different enzyme concentrations employed in the activity determinations [not reported in (10) (10, 11) . We suggest that these considerations can reconcile all previous observations with our proposal that Mn Given that the RNR subunits from C. trachomatis and other chlamydiae are more similar in sequence to their counterparts from mammalian species such as H. sapiens and Mus musculus than to the subunits from other bacterial RNRs (with the exception of those from the opportunistic human pathogen, Pseudomonas aeruginosa) (8), it seems likely that the parasitic bacteria coopted their host's RNR genes and then evolved them for selective advantage. Without knowledge of the manganese requirement, Nordlund, Gräslund, and co-workers suggested that this selective advantage might have been increased resistance to oxidants (e.g., superoxide and nitric oxide) produced as part of the host's immune response (9) . This hypothesis, plausible in view of previous evidence that the Y•s of conventional class I RNRs are targets for these chemical defenses (27) (28) (29) , seems even more attractive in light of our results: The demonstrated substitution of one iron ion by manganese is strikingly reminiscent of the induction by E. coli in response to oxidative stress of a Mn-dependent paralog to the constitutively expressed, Fe-dependent superoxide dismutase (30) . Examination of the reactivity of the distinctive Mn/Fe cofactor toward these oxidants may thus provide a biochemical rationale for its evolution.
